Tests were conducted in the Icing Research Tunnel at the NASA Lewis Research Center to determine the icing characteristics of three modern airfoils, a natural-laminar-flow, a medium-speed and a swept, medium-speed airfoil. The tests measured the impingement characteristics and drag degradation for angles-of-attack typifying cruise and climb for cloud conditions typifying the range that might be encountered in flight. The maximum degradation occurred at the cruise angle-of-attack for the long, glaze ice condition for all three airfoils with increases over baseline drag being 486%, 510%, and 465% for the natural-laminar-flow, the medium-speed and the swept, medium-speed airfoil respectively. For the climb angleof-attack the maximum drag degradation (and total extent of impingement) observed were also for the long, glaze ice condition and were 261%, 181% and 331% respectively. The minimum drag degradation (and extent of impingement) occurred for the cruise condition and for the short, rime spray with increases over baseline drag values being 475, 28%, 46% respectively. 
Introduction
As part of the icing research program at NASA Lewis Research Center a series of tests to determine the icing characteristics of several modern airfoils was conducted. The airfoils included a natural-laminar-flow (NLF(1)-0414), a medium-speed (MS(1)-317) and a swept, medium-speed airfoil (MS(1)-317 with 30 degrees of sweep). The icing characteristics measured included section drag, ice shape tracings and impingement efficiency. These tests, which involved several entries in the NASA Lewis Icing Research Tunnel (IRT) over a period of seven years beginning in 1983, were the first such tests for these airfoils.
The natural-laminar-flow (NLF) airfoil was designed in the early 1980s as a medium-speed airfoil with low section drag and high maximum section lift (Ref. 
Experimental Apparatus
The ice accretion and impingement efficiency tests were carried out in the NASA Lewis IRT (figure 1). The test equipment included the three models, drag wake survey system, molding compounds for making ice accretion molds, a 35 mm camera and cardboard templates for documenting ice shape, a special spray system for the impingement tests (ref. 3, 4) , a laser reflectometer for impingement efficiency data reduction, and the ESCORT data analysis system for recording and calculating other pertinent test information.
The IRT facility can provide a range of airspeeds, angle of attacks, temperature, liquid water contents (LWC), and drop sizes (ref. 5) . The IRT has a 9 ft x 6 ft test section with a maximum airspeed of 300 mph (empty tunnel). Angle-of-attack is controlled by a movable turntable to which the models are mounted. A refrigeration system allows year-round testing of temperatures from -2.0° F to 50° F. The spray system located upstream of the test section can provide a cloud with an LWC of 0.25 -3.0 g/m 3 and a median volume drop (MVD) size range of 14 -40 µm.
The NLF(1)-0414 model (figure 2) was constructed for the IRT test section. The model was made of mahogany with a fiberglass trailing edge and had a 6 foot span and a 3 foot chord. Coordinates for the section are given in table I.
The MS(1)-317 models were also constructed for the IRT test section. Both models were full span (6 foot span) and had three foot chords. The straight MS(1)-317 model shown in figure 3 was of fiberglass construction and contained 50 static pressure taps at the mid-span position. The swept MS(1)-317 (figure 4) was made of mahogany and had a 30 degree sweep angle. The swept airfoil was unusual in that the MS(1)-317 coordinates were constructed in the free stream flow direction and that the trailing edge was closed. This unusual design was thicker than the usual swept MS(1)-317 constructed in the leading edge normal direction. The coordinates for the MS (1)-317 section are given in table II. A drag wake survey probe was used to measure total pressure profiles in the wake behind the airfoils. These pressure profiles were then used to calculate the section drag of the airfoil. The drag wake probe consisted of a pitot probe mounted on a track which allowed the probe to traverse across the airfoil wake at the midspan of the airfoil. Figure 2 shows the wake survey system installed behind the NLF(1)-0414 airfoil.
The Escort system was developed at Lewis to aid in storage, processing, and analysis of large amounts of data (e.g. temperature, pressure) produced in various experiments at the Center. In this test Escort was used to store tunnel total temperature, total pressure, free stream airspeed and wake total pressures, produce on-line calculations and display pertinent 3 parameters. The storage sequence for each data point was initiated by the researcher in the control room. Escort then assigned a reading number to this stored data for cataloging purposes. A separate program was used to do a more complete post run analysis. This analysis included plotting wake profiles and calculating drag.
The spray requirements for the impingement tests precipitated the need for a different spray system than was available in the IRT (ref.
3). The IRT spray system could not produce the short (1-3 seconds), stable sprays (i.e. constant LWC and drop size) required to prevent blotter strip saturation. There were also concerns that the dye would contaminate the IRT spray system. The new spray system consisted of 12 nozzles and a supply tank located at the IRT spray bar station (figure 5). The system featured short supply lines which enabled short, stable sprays.
Experimental Procedure
Two types of testing were done in the IRT for the airfoils: ice accretion and impingement efficiency testing. The ice accretion testing involved taking drag data, ice shape tracings, and photographs for various icing conditions. The impingement efficiency testing involved the use of a dye tracer technique to measure the location and amount of water striking the model. The airfoil section drag was calculated from total pressure profiles measured with the wake survey probe. The data was corrected for probe and model blockage. The method for reducing the data is outlined in reference 6. Clean airfoil drag coefficient repeatability has been measured in the past, with ± 8% deviation from the average value at one standard deviation (ref. 7) .
A total of 92 icing sprays were made. These sprays are summarized in tables III, IV and V for each of the airfoils . The total temperatures for the icing runs were chosen to span the range of ice accretions from rime to glazE^. The 0° F conditions produced typical rime ice accretions while the 15° F and 28° F conditions produced mixed and glaze conditions respectively. Two angles of attack were chosen for each of the airfoils to typify cruise and climb configurations. Because of tunnel and model limitations, typical flight speeds for the wing sections could not be attained.
In general, 150 mph was used for most of the model tests. In an attempt to produce meaningful results for use in flight analysis the drop size and the LWC for the tests were loosely scaled to account for the velocity deficiency. This scaling resulted in larger drop sizes and LWC than typically encountered in flight. A number of spray durations were chosen to shed light on the time dependence of the drag degradation. For all cases, drag performance was measured for the same angle of attack at which the ice was accreted. In addition performance data was taken for several of the ice accretions at angles-of-attack other than those at which the ice was accreted.
The experimental technique used in the current tests to determine the impingement characteristics of a body is one that was developed in the early 1950s with a few modifications (ref. 3, 4) . The technique involved spraying a dye-water solution of a known concentration onto a model covered with blotter strips. Figure 3 shows a typical blotter installation for the MS(1)-317 airfoil. The result being that the local impingement efficiency rate is reflected on the blotter strips as a variation in color intensity. That is, the areas of higher impingement rate are darker and those with lower impingement rate are lighter. One unique feature of the current technique is the laser reflectometer used to determine the local collection efficiency (figure 6). The device measures the local reflectance of the blotter strip and correlates this to the local collection efficiency. The device saved considerable time in the data reduction of the blotter strips.
Several steps were necessary to prepare the IRT for impingement testing. The specially designed spray system had to be installed and adjusted to produce a uniform cloud. The local LWC had to be measured at each blotter strip location (with the tunnel empty) every spray and tunnel condition to account for any cloud nonuniformity that existed after the final spray adjustment. After these adjustments and measurements were made the model was inserted and tested. Each point was repeated five times to obtain a statistical average.
A typical run for an airfoil involved several steps. The model was cleaned and blotter strips were attached at points of interest (figure 3). The spray was then made, the blotter strips were removed, and labeled, and the model was cleaned and made ready for the next condition.
Table VI summarizes the test matrix for the impingement tests.
All of the models were tested for two drop sizes and at two anglesof-attack. The angles of attack were chosen to simulate a cruise and a climb configuration. Two medium volume diameter sizes were chosen to typify those that might be encountered in flight.
Analysis
Two types of data were analyzed: airfoil drag and impingement efficiency. A discussion of the quality of the clean airfoil drag will be followed by a discussion of the iced airfoil drag performance and by a discussion of the impingement characteristics of the airfoils. The drag performance analysis will be divided into four parts: temperature effects, spray length effects, drop size effects, and off-condition effects (performance of iced airfoil at angles-of-attack other than those for which the ice was accreted). The impingement analysis will be divided into two parts: angle of attack and drop size effects.
Figures 7-9 show the clean airfoil drag performance. Superimposed on the data are results from previous tests of the airfoils at the NASA Langley Low Turbulence Pressure Tunnel (LTPT) given in references 1 and 2. At the higher angles-of-attack the IRT data compares well with the LTPT data with the IRT producing slightly lower drag values. This difference is probably due to the blockage correction made in the IRT data (ref. 6) . At the lower angles-of-attack the IRT data falls somewhere between the rough and smooth configuration data from the Langley tests. This result is typical for IRT tests and occurs for several reasons; differences in wake measurement, tunnel turbulence levels and model surface conditions. The Langley tests used a wake rake while the IRT tests used a traversing probe. Turbulence intensity levels in the IRT are typically 0.5 % while those for the LTPT are typically 0.1 % (ref. 8) . The IRT models finish, although comparable to those of the Langley models initially, deteriorated with each deicing cycle.
Figures 10-12 summarize the temperature dependence of the drag coefficients for the three airfoils at various angles-of-attack. Figure 11 , which shows this temperature dependence in the highest resolution, is typical (ref. 6, 7, 9) . The drag degradation is a minimum above freezing (clean condition), it increases sharply to a maximum around 31° F (glaze condition), drops off rather rapidly to 15° F (mixed condition), and flattens out with an approximately constant value at 5° F (rime). Noteworthy in Table IV is the scatter in the drag data around the peak at 31 degrees. This scatter is probably due to the high sensitivity of ice shape to temperature in the glaze regime and the fact that the IRT temperature control is not exact. That is, target temperature drift throughout a spray and temperature profile variability between sprays can occur, and even a small variation in total temperature (t 1° F) can cause a significant difference in the ice accretion and its associated drag.
Drag performance as a function of spray time for the three airfoils is summarized in figures 13-15. All three airfoils exhibited an increase in drag coefficient with time in an almost linear fashion at a given temperature. As temperature was increased toward the freezing point the slope of the drag degradation versus icing time curve increased. This linear increase in drag with time is a typical result (ref. 6, 7, 9) . For several of the ice accretions, drag performance as a function of angle-of-attack was explored. These cases are useful in evaluating the ability of the planform to maneuver with a given ice accretion. Figures 17 and 18 show the drag polars for these cases while photographs and tracings of these accretions are shown in figures 19-21. Several features are noteworthy and are typical (ref. 6, 7, 9) . The first being that in the glaze regime the drag penalties at a given angle-of-attack are higher for the cruise than for the climb icing angle-of-attack for the same icing conditions. This result can be explained when we examine the aerodynamics of the ice accretions generated at the cruise and climb angles-ofattack for the same icing condition. In general the ice accretion generated at the lower angle-of-attack will have a larger protuberance on the suction side of the airfoil than for that generated at the higher angle-of-attack. This upper surface protuberance produces a spoiler effect and is one of the main contributors to the drag degradation. Hence, the ice accretion at the lower angle of attack will have the larger penalty at a given angle-of-attack. Another feature shown in figure 18a for the long, rime, spray is the occurrence of the minimum drag coefficient at the iced angle-of-attack. This result is common for long, rime, sprays. This feature can also be explained when we examine the physics of the ice accretion. Because of the thermodynamics (i.e. the drops freeze upon impact) and the aerodynamics (i.e. the drops follow the streamlines) the rime accretion grows in the flow direction. This alignment of the ice shape with the flow produces a camber or leading edge flap effect. And as for a cambered wing or a wing with a leading edge flap, the drag of the ice shape is increased at off design angle-of-attacks (i.e. other than when the leading edge is aligned with the flow).
Table VII summarizes the percent drag degradation for various cases of interest. These cases yielded the maximum and minimum percent drag degradation with respect to temperature, icing time, angle-of-attack, and temperature for each of the airfoils.
Two parameters Caere explored for the three models in the impingement tests: angle-of-attack and drop size. Figure 23 summarizes the results of the tests. Several features are typically examined when analyzing impingement efficiency for an airfoil: maximum collection efficiency, impingement limits or total extent of impingement (i.e. surface distance between upper and lower impingement limits) and the total collection efficiency (i.e. the total amount of water collected). In general, at a given angleof-attack the smaller drop size (16 um) produced smaller maximum impingement efficiency, extent of impingement and total collection efficiency. This is because the smaller droplets have smaller inertia and are more apt to follow the streamlines, hence missing the body. Also, in general, for a given drop size the cruise configuration produced a higher maximum impingement efficiency, a smaller total extent of impingement and a smaller total collection efficiency than the climb configuration.
Summary of Results
The icing and impingement characteristics of the three airfoils were studied for conditions typifying cruise and climb in the NASA Lewis Icing Research Tunnel. Drag coefficient measurements, photographs, and tracings of ice shapes were made for the ice accretion tests. Measurements of local impingement efficiency were made during the dye tracer tests.
The impacts of icing temperature, icing spray time, and drop size on the performance of the iced airfoils for several flight configurations were explored during the test. In general, icing temperature had a nonlinear effect on airfoil performance degradation, with performance degradation being a minimum at the colder temperatures (0° F), increasing in a nonlinear fashion to near freezing, and falling off rapidly to the clean value at the freezing point. And, in general, icing time had a linear effect on iced performance degradation, with performance degradation being a minimum for the clean configuration. For the drop size range tested drop size had a linear effect on performance degradation, with performance degradation being a minimum for smallest drop size.
For the cruise angles-of-attack the maximum penalties occurred for the longest duration, highest LWC sprays tested for all three airfoils. The glaze condition produced the absolute maximum drag degradation for all three airfoils. The performance losses for this worst case were 486%, 510%, and 465% for the NLF(1)-0414, MS(1)-317, and swept MS(1)-317 airfoils, respectively. For the longest duration, rime sprays the performance losses were 83%, 68%, and 58% for the airfoils, respectively.
For the climb angles-of-attack the longest duration, highest LWC sprays also produced the maximum drag degradation for all three airfoils. The glaze condition yielded performance losses of 261%, 181% and 331% for the NLF(1)-0414, MS(1)-317, and swept MS(1)-317 airfoils, respectively. For the longest duration, rime sprays the performance losses were 74%, and 122% for the NLF(1)-0414 and swept MS(1)-317 airfoils, respectively.
For the cruise condition (angle-of-attack, 0 0 ; airspeed, 150 mph) the largest maximum impingement efficiency, total extent of impingement and total collection efficiency occurred for the largest medium volume diameter spray (20 µm). The largest maximum impingement efficiencies for the NLF(1)-0414, the MS(1)-317 and the swept MS(1)-317 were 43%, 48%, and 58% respectively. The maximum total extent of impingement (% of chord) were 9%, 17%, and 17% for the airfoils respectively.
For the climb condition (angle-of-attack, 8 1 ; airspeed, 150 mph) the largest maximum impingement efficiency, total extent of impingement and total collection efficiency also occurred for the largest medium volume diameter spray (20 /.cm). The largest maximum impingement efficiencies for the NLF(1)-0414, the MS(1)-317 and the swept MS(1)-317 were 62%, 48%, and 64% respectively. The maximum total extent (% of chord) of impingement were 18%, 26%, and 25% for the airfoils respectively. '461L l)3
